creased more in the Se group at 18 weeks (14 vs. 17 pmol/l compared to the placebo group, p = 0.01) and also at 36 weeks (15 vs. 18 pmol/l, p = 0.01). The TSH increased more in the Se group at 18 weeks (0.05 vs. 0.02 mIU/l, p = 0.04). The depression and anxiety scores were similar in both groups. In the Se group, the depression rates correlated negatively with FT 3 and positively with TSH. This was not seen in the placebo group. Conclusions: Se supplementation can enhance biochemical restoration of hyperthyroidism, but whether this could shorten clinical symptoms of thyrotoxicosis and reduce mental symptoms must be investigated further.
Introduction
Graves' disease (GD) is a common autoimmune disease. The incidence in Sweden is 21/100,000, peaking in the age group between 40-59 years [1] . Little is known about what causes the activation of the disease, but hereditary factors, smoking and female gender increase the risk [2] . Thyroid receptor antibodies (TRAb) activate the thyroid hormone receptors and thereby enhance thyroxine synthesis. This antibody is also a marker for the disease, together with elevated thyroid hormones and low thyroid-stimulating hormone (TSH). Patients typically develop physical and mental symptoms such as tachycardia, weight loss, sweating, muscle weakness, tremor and anxiety [2] . Medication blocking the thyroid hormone synthesis is one common treatment, making the patient euthyroid and offering a 50% chance of cure [3, 4] . Although euthyroidism is restored during treatment, some of these patients of working age take sick leave due to lack of energy, muscle weakness and mental symptoms either for shorter periods or sometimes for months [5] .
In Western Europe, selenium (Se) blood levels are low [6] . This trace element is an essential component of selenoproteins with primarily anti-oxidative functions. Humans acquire Se in foods such as fish, meat, eggs, cereals and seafood. Se concentration varies round the globe: it is low in China, while in other areas, such as in central parts of the US and in South America, the Se content in soils is higher, and residents in those areas acquire sufficient Se from vegetarian sources. The most common selenoprotein found in plasma is selenoprotein P (SePP) which constitutes about 50-60% of all Se in plasma in humans with a modest level of Se in the blood stream [7] .
Low dietary Se intake and blood concentrations may have multiple effects on thyroid hormone synthesis and regulation. Firstly, Se is a necessary component within both the thioredoxin reductases and the glutathione peroxidase (GPx) family, which are powerful anti-oxidant enzymes [8] . As the thyroid hormone metabolism causes an oxidative milieu within the thyroid gland, which is enhanced during thyrotoxicosis [9] , GPxs and thioredoxin reductases are required to balance this oxidative stress. Secondly, thyroid hormone synthesis, mainly thyroxine, is converted within target cells by another group of selenoproteins, the deiodinases, to active triiodothyronine and inactive thyroxine metabolites [10] . Thirdly, Se, as sodium selenite or selenomethionine, appears to influence the immune system by unknown mechanisms, as supplementation with Se decreases the levels of thyroid peroxidase autoantibodies (TPO Ab) in autoimmune hypothyroidism [11, 12] . However, other investigators have not repeated this finding [13, 14] . Reports also describe how Se supplementation restores euthyroidism earlier in GD patients given methimazole plus a fixed combination of antioxidants including 60 μg Se compared to methimazole alone [15] .
In this study, we examined the effect of Se on depression and anxiety scores, self-rated symptoms, thyroid hormones and antibody levels in a cohort of patients with newly diagnosed GD, following 9 months of pharmacological treatment with a randomized supplementation with 200 μg/day Se as selenized yeast or placebo.
Material and Methods

Study Design
This was a randomized prospective investigation, blinded to the patient and investigators. Half of the patients were randomized to placebo treatment (PT) and half to Se treatment (ST).
GD was confirmed by clinical symptoms and blood tests, decreased TSH, elevated free thyroxine (FT 4 ) and free triiodothyronine (FT 3 ) and the presence of TRAb. In 2 patients in whom TRAb were absent, an increased even distribution on a radionuclide scan was acknowledged as compatible with GD. The physician provided information about the study at the patient's first visit, and informed consent was obtained. An extra blood sample to measure the Se concentration was also acquired.
Treatment with antithyroid drugs was given with methimazole (Thacapzol ® , Recip) 15 mg twice/day to block the synthesis of thyroid hormones and the replacement of thyroid hormones by levothyroxine (Levaxin ® , Takeda) 100 μg/day starting 3 weeks after methimazole. The patients were randomized to treatment with 200 μg Se/day as yeast tablets (ST group) or to placebo (PT group) for 9 months. The tablets (SelenoPrecise, Pharma Nord ApS, Vejle, Denmark) contain organically bound Se predominantly as selenemethionine [16] .
Participants
Fifty-four consecutive patients, aged 18-55, with newly diagnosed and untreated GD, were invited to participate. Eight patients declined participation, 1 patient was indicated for surgery, and 1 further patient was missed. Of the remaining 44 patients, 4 withdrew from participation; 1 more was treated with thyroidectomy and 1 with radioactive treatment. In all, 38 patients remained as our study cohort. Of these, 31 (82%) were women, and 7 (18%) were men. The mean age was 39.1 (±10.4). Twenty-seven (71%) patients did not smoke, whereas 11 were smokers ( table 1 ). All patients were instructed not to ingest any extra compound containing Se during the study period.
Exclusion criteria were: medication such as sedatives, planned or ongoing pregnancy, reduced intellectual capacity or dementia as observed at inclusion, severe ophthalmopathy requiring corticosteroids at inclusion, other systemic or severe disease or difficulties with the Swedish language. Also, patients with previous treatment with anti-thyroid drugs were excluded.
The participants were followed clinically and with laboratory testing of FT 4 , FT 3 , TSH, TRAb and TPO Ab at diagnosis and after 6, 18 and 36 weeks. The plasma for SePP analysis was also collected from the untreated patients at inclusion and after 36 weeks. This was centrifuged and stored as plasma at -70 ° C until analysed. All other laboratory samples were analysed during the clinical followup. At this time, Se substitution/placebo was withdrawn. Subjects had then completed the study. None of the participants withdrew from the study due to adverse events.
Procedures and Measures Assessment
Questionnaires An expanded version of the Symptom Questionnaire, derived from the Rivermead Post Concussions Questionnaire [17] , was used to record self-rated symptoms (online suppl. table 1; for all online suppl. material, see www.karger.com/doi/10.1159/000381768). The patient states how bothersome the symptom is on a scale from 0-4 (1 indicating that they have experienced the symptom but it is not present any more, and 4 indicating a severe, on-going problem). The maximum score is 156.
The Hospital Anxiety and Depression Scale (HADS) was used to indicate the presence of depression and anxiety. A score of <7 points on the HADS depression subscale indicates no signs of depression; a score of 8-10 indicates possible depression, and >10 points defines a more definitive case of depression. Corresponding numbers assess anxiety. The maximum summed score of 42 indicates severe depression/anxiety [18] .
Laboratory Assays
Venous blood samples were collected at baseline before the neuropsychological assessment, and repeated during follow-up. The concentrations of TSH, FT 4 and FT 3 were measured by chemiluminescent methods on an ADVIA Centaur (Siemens Healthcare Diagnostics, Tarrytown, N.Y., USA). The total coefficient of variation (CV) for TSH was 5.4% at 0.39 mIU/l, 5.6% at 5.4 and 6.1% at 30 mIU/l, respectively. The CV for FT 4 was 1.4% at 4.0 pmol/l, 5.2% at 15 pmol/l and 6.0% at 54 pmol/l. For FT 3 , the CV was 3.1% at 3.4 pmol/l and 3.0% at 14.9 pmol/l. TPO Ab were also measured by a chemiluminescent method on the Immulite system from the same manufacturer, with a detection limit of 5.0 kIU/l, and the CV was 6.4% at 37 kIU/l and 6.0% at 635 kIU/l. TRAb were measured by radioimmunoassay (TRAK, BRAHMS Diagnostica GmBH, Heningsdorf, Germany). The limit of detection was 0.3 mIU/l, and the CV was 14% at 3 mIU/l and 9% at 20 mIU/l. All blood samples for Se analysis were taken at inclusion and repeated when patients had been treated for 9 months. The samples were centrifuged and stored as plasma at -70 ° C with EDTA and were analysed together. The SePP was determined by affinity HPLC with ICP-MS detection and isotope dilution quantification of Se using a method previously described in detail [19] .
Ethics
The participants gave informed consent to take part in the investigation. The research was carried out in accordance with the Declaration of Helsinki (2000). It was approved by the Committee for Medical Ethics at the Karolinska Institutet and was registered at ClinicalTrials.gov DLL-159361.
Statistics
SPSS 21 was used for the statistical analyses. Data were checked for skewness and kurtosis. Parametric methods (χ 2 test and Student's t test) were used for normally distributed variables on an interval level, and non-parametric methods were used for skewed or ordinal data (the Spearman rank correlation, Wilcoxon signedrank test and Mann-Whitney U test). Generally, the hormonal data were positively skewed. Two-tailed p values were used with a critical significance level of p < 0.05.
Results
Measures of Hormones, Auto-Antibodies and Se Concentrations
The median concentration of Se as SePP rose in the treatment group from 47 ng/ml (range 42-86) to 113 ng/ ml (range 70-139), p < 0.001, whereas the levels remained unchanged in the PT group from the initial 49.5 ng/ml (range 34-73) to 57 ng/ml (range 35-72) ( fig. 1 ). Assuming that SePP contains 50-60% of all blood Se, these mean values accord well with the mean Se level in the plasma of 221 μg/ml sampled from individuals receiving Se yeast at 200 μg Se/day from the same supplement producer [20] . The median TSH levels increased significantly more in the ST group. At 18 weeks, this group had a TSH of 0.05 mIU/l (range 0.01-20) and the PT group one of 0.02 mIU/l (range 0.01-11), Z = 2.03, p = 0.042 ( table 2 ) . Also, after 18 weeks, the FT 4 levels were lower in the ST group (14 pmol/l, range 7-25) compared to the PT group with 17 pmol/l (range 12-21), Z = -2.51, p = 0.012. After 36 weeks, the FT 4 in the ST group was 15 pmol/l (range [12] [13] [14] [15] [16] [17] [18] [19] [20] , and in the PT group it was 18 pmol/l (range 13-25), 
Self-Rated Symptom Measurements
The whole study population reduced their symptoms from a median score of 35.5 (range 2-85) to 22.5 (range 0-89; Z = -3.90, p < 0.001). The HADS depression subscale scores were reduced from a median score of 4.5 (range 0-15) to 2.0 (range 0-12), Z = -3.79, p < 0.001. The HADS anxiety subscale scores were reduced from a median score of 8.5 (range 1-18) to 6.0 (range 0-17), Z = -3.59, p < 0.001. There were, however, no significant differences between the ST and PT groups regarding symptom ratings.
For the ST group, TSH correlated negatively with the HADS depression subscale r s (19) -0.613, p = 0.005, as low TSH was associated with higher self-rated depression scores at the follow-up. For FT 3 , we found a positive correlation with symptom ratings r s (12) 0.586, p = 0.045 (the higher the FT 3 , the more self-rated symptoms) and HADS depression subscale r s (12) 0.797, p = 0.002 (the higher the FT 3 , the more self-rated depression) in the ST group, while the FT 4 did not correlate with any of the self-ratings. Auto-antibodies in the ST group did not correlate to self-rated symptoms. For the PT group, neither TRAb, TPO Ab, FT 4 nor FT 3 correlated with any of the self-rating measures at the 9 months' follow-up.
Discussion
This was a randomized prospective investigation examining the effect of Se versus placebo on thyroid hormone levels, auto-antibodies and mental symptom ratings in patients with GD on block and replacement therapy. The main biochemical findings were a reduction of FT 4 at 18 and 36 weeks, an increase of TSH at 18 weeks and an increased SePP concentration in the group of patients treated with Se.
Standard Se concentrations in blood vary. In Western Europe, these levels are generally low, and plasma concentrations of Se range between 55-117 ng/ml [21] . SePP reflects circulating Se available for biosynthesis of bioactive selenoproteins [22] . The concentration achieved 
In a previous investigation, the FT 4 and FT 3 levels decreased more rapidly in GD patients given methimazole, anti-oxidants and 60 μg Se compared to methimazole alone [15] . This decrease was observed 30 and 60 days after treatment initiation, together with a significant increase of TSH after 60 days in the group receiving antioxidants. This may be due either to the other anti-oxidative components, vitamin C, E and β-carotene or to the non-specified form of Se given in that study. Our findings are to some extent in line with those of Vrca et al. [15] , but the hormonal changes found in that study were noted at an earlier phase. In that investigation, Se increased in the group receiving supplementation from 60 to 90 μg/l. Thus, the addition of Se may have an effect on the time it takes for endocrine normalization in GD.
Our findings about FT 4 and TSH might imply a reduction in disease activity in patients with GD treated with the addition of Se. As there was no change in TRAb levels between the two groups, other indirect mechanisms could be plausible. Such factors could be mediated by the immune system, by effects on oxidative stress within the thyroid gland or by deiodinase enzymes.
Se is important for initiating and enhancing immunity, but is also involved in regulating excessive immune responses, which is crucial for preventing responses that may lead to autoimmunity or chronic inflammation [23] . Se supplementation in humans also has stimulating effects on the immune system, as such supplementation has been shown to promote the differentiation of CD4+ cells to T helper-1 cells [24] . The addition of Se has also demonstrated a correlation between an enhanced expression of interleukin-2 receptors and lymphocyte proliferation. However, whether the immune system could be modulated via Se in GD remains speculative.
Another of Se's actions could be its effect on oxidation, partly via immune cells. As T cells are vulnerable to oxidative stress, and selenoproteins are necessary for these cells to proliferate in response to reactive-oxygen species, this may affect humans with subnormal Se reservoirs [25] , which has been found to be the case in GD [26] . In humans, thyroid GPx contributes to the high Se content in the gland and also appears to be a regulator of thyroid hormone synthesis [27] . Moreover, a decrease in reactive-oxygen species levels 2-12 months during methimazole treatment has been demonstrated [26] as well as a correlation between Se concentration and GPx activity [15] . Thus, evidence exists that Se supplementation could increase anti-oxidative potential in GD. It is still not known whether quality-of-life, recovery or hormonal levels could be strongly modified by increased antioxidative potential.
We found no significant changes in TRAb or TPO Ab during Se supplementation. This is in contrast to Hashimoto's disease, where a reduction of TPO Ab has been found after Se substitution in a substantial number of studies [28, 29] , but not by all investigators [13] . As autoantibodies did not change in these patients with autoimmune hyperthyroidism, Se does not appear to affect immunoglobulins in GD.
Increased SePP concentration, in its capacity as a Se transporter protein, could enhance the concentration of another group of selenoproteins such as the deiodinases. These enzymes convert FT 4 to active FT 3 or to inactive reverse triiodothyronine. We found a significant reduction of FT 4 after 18 and 36 weeks of treatment in the ST group, but no such pattern in FT 3 . However, this association's effect on the deiodinases is not known. To speculate, Se addition may to some extent catalyse the conversion of FT 4 to reverse triiodothyronine and by means of this defend the body from thyrotoxicosis. However, as no difference in FT 3 levels between the two groups was found, we could not find proof of this mechanism.
On a self-rated functional level, we found a significant reduction but no differences between the treatment groups regarding symptom ratings, depression or anxiety. However, in the ST treatment group, a more elevated TSH indicated a lower degree of depression after 9 months. Also, FT 3 correlated positively with symptom ratings and depression, namely, the more enhanced the levels of FT 3 , the higher the symptom ratings. No such correlations were found in the PT group. Thus, it appears that in the ST group there was a correlation between the recovery from the disease and the symptoms, while this was not the case in the PT group. The lack of significant differences regarding symptom ratings on the group level may be due to low power and a substantial range of reported symptoms on the symptom questionnaire, resulting in high variability and a lack of significant results. Another limiting factor is the age spectrum, as the PT group was older than the ST group. It may well be that this could affect recovery, which would then influence our results.
In summary, this randomized, prospective investigation showed a reduction of FT 4 after 18 and 36 weeks and an increase of TSH after 18 weeks in the Se-supplemented group. In the ST group, the rates of depression were lower.
Conclusions
Se supplementation can enhance biochemical restoration of hyperthyroidism, but whether this could curtail the clinical symptoms of thyrotoxicosis, and also reduce mental symptoms, must be investigated further.
